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done	to	the	ADC	if	the	voltage	measurement	 FIGURE	14 ‐ COMPLETED	TEST	SET
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leads	were	not	disconnected	in	the	proper	order.	
Accordingly,	to	increase	the	rate	of	current	decay,	the	resistance	was	increased	to	24	
Ohms.		Also,	a	MOSFET	switch	with	1500V	of	isolation	was	added	between	the	ADC	
and	the	voltage	divider	network.	This	provided	the	additional	isolation	needed	for	
the	increased	voltage	that	would	be	seen	on	the	transformer	winding	terminals.	It	
also	reduced	the	likelihood	of	damage	to	the	ADC	in	the	event	of	untimely	lead	
disconnection.			
With	the	addition	of	the	MOSFET	switch,	the	primary	concern	for	failure	was	
the	protection	resistor.	Based	on	the	expected	energy	calculated	in	section	6.1	and	
given	the	5‐second	over‐current	ratings	of	the	Ohmite	280	series	resistors,	a	
minimum	of	rating	of	240	Watts	would	be	necessary.	To	provide	additional	margin,	
two	300	Watt,	12	Ohm	resistors	were	connected	in	series.		
	
FIGURE	15	‐		TEST	INSTRUMENT		INTERNAL	CIRCUITRY	
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FIGURE	16	‐		TEST	INSTRUMENT	SCHEMATIC	
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8 RESULTS	
8.1 METHODS	FOR	DETERMINING	THE	STATE	OF	RESIDUAL	MAGNETIZATION	
Of	significant	concern	for	these	tests	is	the	determination	of	the	effectiveness	
of	demagnetization.	This	state	was	attempted	to	be	qualitatively	determined	in	two	
ways,	primarily	by	repeated	comparison	of	the	saturation	time	for	a	specific	DC	
input	voltage	at	both	polarities	after	a	demagnetization	routine	was	completed.		
The	secondary	method	used	was	to	energize	an	unloaded	transformer	and	
observe	the	magnitude	of	inrush	current	to	the	transformer.	Unfortunately,	this	
method	was	determined	to	be	unreliable	due	to	timing	limitations	and	contact	
bouncing	of	the	switching	apparatus.	
8.2 PERMEABILITY	METHOD	
This	method	used	the	relationship	of	the	change	in	current	over	time	to	the	
amount	of	magnetic	flux	in	the	core	in	order	to	identify	the	neutral	magnetization	
state.	However,	it	proved	to	be	much	more	complicated	when	dealing	with	real‐
world	systems	than	the	theoretical	models.	The	reliability	of	the	method	in	the	
previous	work	was	difficult	to	implement	because	of	the	highly	linear	nature	of	
silicon	steel	hysteresis	characteristics.	Additionally,	it	was	suspected	that	losses	due	
to	magnetic	flux	leakage	outside	the	core	cause	the	local	minimum	of			 		and	the	
neutral	magnetization	point	of	the	core	to	be	out	of	phase.	
When	testing	this	method	for	demagnetization,	it	was	found	that	the	neutral	
magnetization	state	was	overshot	by	magnitudes	of	20‐30%.	
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FIGURE	17	‐	EXAMPLE	CURRENT	FLOW	TIMELINE	AFTER	VOLTAGE	POLARITY	IS	REVERSED	
8.3 TIME	BASED	METHOD	
Where	isolated	testing	of	a	winding	was	possible	(Wye‐Wye	&	Delta‐Wye),	the	
integration	method	for	demagnetization	was	much	more	effective	than	the	previous	
method.	For	these	types	of	transformers,	this	method	was	able	to	achieve	a	neutral	
magnetic	state	with	a	7%	maximum	observed	margin	of	error.		
The	area	that	proved	an	obstacle	for	this	method	was	the	demagnetization	of	
transformers	where	the	windings	cannot	be	isolated.	For	transformer	windings	
connected	in	a	Delta	configuration,	when	a	potential	voltage	difference	is	applied	
between	two	of	the	three	terminals	the	result	is	that	while	the	primary	winding	
builds	flux	according	to	the	voltage	applied,	the	other	two	windings	will	only	see	
half	the	applied	voltage.	Thus,	assuming	the	resistances	of	all	three	windings	are	
comparable,	the	current	flowing	through	the	second	and	third	windings	is	one	half	
the	current	flowing	through	the	principal	winding	under	test.	Due	to	the	direction	of	
the	voltage	polarity	and	the	way	that	the	windings	are	placed	on	the	core,	the	
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magnetic	field	due	to	this	current	works	to	reinforce	the	magnetic	field	generated	by	
the	current	flowing	in	the	primary	winding	as	illustrated	in	Figure	18.		
	
FIGURE	18	‐	DELTA	TRANSFORMER	MAGNETIC	FIELD	DURING	DC	ENERGIZATION	
In	addition	to	the	previous	factor,	it	appears	that	the	reduced	voltage	across	
both	complementary	windings	results	in	a	longer	saturation	time	for	the	
complementary	windings	than	the	principal	winding.	This	may	occur	because	the	
permeability	of	the	core	(as	well	as	the	apparent	change	in	inductance	over	time)	
depends	on	the	amount	of	current.	The	end	result	is	that	the	saturation	time	for	the	
whole	transformer	is	longer	than	the	saturation	time	of	the	primary	winding	used	in	
the	previous	calculations.	
After	implementing	this	routine,	the	residual	magnetization	of	delta‐wound	
transformers	tested	exhibited	a	15%‐25%	overshoot	of	the	neutral	magnetization	
state.	
Principal	Winding	Complementary	
windings
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8.4 INTEGRATION	METHOD	
Modifying	the	target	for	the	magnetic	flux	integration	time	not	only	helped	to	
account	for	the	effects	of	core	magnetization	but	was	also	found	to	greatly	increase	
the	accuracy	of	demagnetizing	transformers	with	Delta	configuration	windings.	
Compensation	of	leakage	losses	was	accomplished	by	adjusting	the	integration	
interval	to	begin	the	moment	the	voltage	potential	is	reversed	and	to	end	when	the	
current	through	the	transformer	reaches	63.2%	of	the	saturation	current	in	the	
opposite	direction	of	current	flow.	This	resulted	in	reaching	a	neutral	magnetization	
state	with	a	maximum	observed	error	of	3%	for	transformers	with	isolated	
windings.	
The	reason	for	this	increase	in	accuracy	for	Delta‐wound	transformers	is	due	
to	the	fact	that	the	core	material	of	the	secondary	windings	saturates	at	a	slower	
rate	than	the	primary	winding.	It	was	found	that,	when	the	total	current	through	the	
system	is	63.2%	of	saturation	current,	the	complementary	windings	have	not	yet	
gone	into	saturation	and	the	principal	winding	is	just	reaching	saturation.	This	gives	
an	approximation	for	an	integration	interval	that	is	reasonably	effective.	This	
demagnetization	routine	exhibited	a	3%‐8%	overshoot	of	the	neutral	magnetization	
point	for	these	types	of	transformers.		 	
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9 CONCLUSIONS	
		As	expected	from	observations	of	transformer	characteristics	in	the	previous	
work,	the	permeability	method	for	demagnetizing	the	transformer	core	was	not	
very	effective	compared	to	the	other	two	methods.	The	time	base	method	for	
estimation	of	the	magnetic	state	of	a	transformer	core	was	found	to	be	effective	in	
predicting	and	attaining	demagnetization	of	power	transformers	which	only	had	a	
winding	for	a	single	phase.		
	
FIGURE	19	–COMPARISON	OF	DEMAGNETIZATION	METHODS:	MAXIMUM	ERROR	
The	integration	based	method	was	the	method	selected	for	future	use.	This	
method	was	found	to	have	improved	accuracy	over	the	time	based	method	when	
demagnetizing	transformers	with	windings	for	all	three	phases.	While	not	as	fast	as	
the	Permeability	method,	this	method	considerably	reduced	the	time	required	for	
demagnetization.	The	demagnetization	method	developed	during	this	thesis	is	now	
going	through	the	patent	process	by	designated	staff	at	BPA	and	the	U.S.	Department	
of	Energy.	
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The	instrument	designed	for	the	automation	of	this	demagnetization	routine	
was	effective	in	improving	the	safety	of	the	operator	by	automating	many	tasks	
where	there	was	potential	to	come	in	to	contact	with	high	voltages.	This	instrument	
is	now	in	early	production	stages	for	an	expanded	field	trial	with	transformer	
maintenance	teams.	
End. 
End.	 	
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